Introduction {#s1}
============

Ecdysis or moulting, which describes the process of shedding the outer integument, the cuticle, is a defining feature of Ecdysozoa (arthropods, tardigrades, onychophorans, nematodes and related phyla) ([@bib1]; [@bib66]; [@bib18]; [@bib21]; [@bib75]). Despite superficial similarities of the 'moulting behaviour' within Ecdysozoa, the neuroendocrine components underlying this process remain elusive for the majority of the ecdysozoans outside of Arthropoda. This includes well-established model organisms such as the nematode *Caenorhabditis elegans*, for which the gene regulatory network responsible for ecdysis remains to be fully resolved ([@bib26]; reviewed by [@bib55] and [@bib45]).

In arthropods, ecdysis can be divided into three distinct stages, pre-ecdysis, ecdysis and post-ecdysis. Each of these stages correlates with major behavioural, molecular and cellular changes and encompasses a series of specific muscular contractions controlled by a cascade of hormones and neuropeptides ([@bib77]). Studies in insects have revealed that the major components of this peptidergic signalling pathway are ecdysis-triggering hormone (ETH), eclosion hormone (EH), crustacean cardioactive peptide (CCAP) and bursicon ([@bib28]; [@bib29]; [@bib89]; [@bib11]; [@bib40]; [@bib41]; [@bib3]; [@bib46]). The process begins with the release of prothoracicotropic hormone (PTTH) from neurohemal organs. PTTH initiates a signalling cascade that results in the biosynthesis of ecdysteroids (i.e., steroid hormones synthesised from ingested cholesterol), including ecdysone (E) and 20-hydroxyecdysone (20E) ([Figure 1](#fig1){ref-type="fig"}). The decline of the ecdysone titre due to the ecdysone-inactivating enzyme cytochrome P450 protein Cyp18a1 ([@bib32]; reviewed by [@bib61]) triggers the release of ETH that, in turn, causes the release of EH. These two hormones mutually enhance one another in a positive feedback loop to control and regulate pre-ecdysis behaviour ([Figure 1](#fig1){ref-type="fig"}). With the ensuing release of CCAP, caused by EH, pre-ecdysis ceases and the ecdysis motor program is initiated. Finally, bursicon responds to the increasing levels of CCAP and initiates post-ecdysis behaviour and cuticle tanning ([Figure 1](#fig1){ref-type="fig"}).

![Simplified overview of the neuropeptide/hormone signalling pathway at moulting.\
PTTH initiates a signalling cascade that results in the biosynthesis of ecdysone. The decline of the ecdysone titre triggers the release of ETH that, in turn, causes the release of EH. These two hormones mutually enhance one another in a positive feedback loop to control and regulate pre-ecdysis behaviour. With the ensuing release of CCAP, caused by EH, pre-ecdysis ceases and the ecdysis motor program is started. Finally, bursicon responds to the increasing levels of CCAP and initiates post-ecdysis behaviour and cuticle tanning. This figure is based on the studies of [@bib50] and [@bib11]. Animal silhouettes were obtained under Public Domain licence at phylopic (<http://phylopic.org/>), unless otherwise indicated. Beetle: T. Michael Keesey after Ponomarenko (available for reuse under <https://creativecommons.org/publicdomain/zero/1.0/>); moth: by Gareth Monger (available for reuse under <https://creativecommons.org/licenses/by/3.0/>); *Drosophila*: Thomas Hegna (available for reuse under <https://creativecommons.org/publicdomain/zero/1.0/>).](elife-46113-fig1){#fig1}

Comparative biochemical, genomic and transcriptomic analyses revealed that ecdysteroids and the required genes responsible for their biosynthesis are present outside of Ecdysozoa, showing that some key molecular players of moulting predate the origin of Ecdysozoa ([@bib51]; [@bib54]; [@bib30]; [@bib6]; [@bib67]). Such integrative and comparative analyses have so far not been conducted on the major components of the peptidergic signalling system underlying moulting. To fill this gap in knowledge, we explored the distribution of PTTH, ETH, EH, CCAP and bursicon ligand-receptor pairs across Metazoa.

Results and discussion {#s2}
======================

PTTH is a neurohormone with a proposed origin at the base of Arthropoda that is believed to have evolved from the duplication of the ancient and widely distributed bilaterian signalling molecule-encoding gene *trunk* ([@bib60]; [@bib35]). By screening 39 metazoan genomes and 57 transcriptomes ([Supplementary file 1](#supp1){ref-type="supplementary-material"}), we found that the PTTH peptide is present in *Drosophila* and *Tribolium* but absent in the house spider *Parasteatoda tepidariorum* and the crustacean *Parhyale hawaiensis*, suggesting that PTTH is an insect innovation ([Figure 2A,B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}, [Figure 2---source data 1](#fig2sdata1){ref-type="supplementary-material"}). The ablation of PTTH-producing neurons in *Drosophila* generates an imbalance in ecdysone biosynthesis, causing developmental delay, prolonged duration of feeding and larger individuals with reduced fecundity ([@bib49]). These findings indicate that PTTH, at least in *Drosophila*, regulates developmental timing and body size, but is not essential for moulting. *Trunk*, the paralog of *ptth*, has previously been identified in arthropods, annelids, mollusks and the cephalochordate *Branchiostoma floridae* ([@bib35]). Our study expands the phyletic distribution of *trunk* to onychophorans, tardigrades, gastrotrichs, brachiopods, nemerteans, ectoprocts, phoronids and hemichordates ([Figure 2A,B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}, [Figure 2---source data 1](#fig2sdata1){ref-type="supplementary-material"}). Although we did not find a *trunk* ortholog in the genome of the sea anemone *Nematostella vectensis*, our similarity searches against the NCBI protein database led to the identification of this protein in other anthozoans, namely *Stylophora pistillata* (PFX31008.1) and *Orbicella faveolata* (XP_020630744.1 and XP_020630745.1). More importantly, our multi-species screen also recovered a trunk-like peptide in the ctenophore *Mnemiopsis leidyi* with high similarity (p-value \< 1e-05) to lophotrochozoan, deuterostome and ecdysozoan trunk sequences ([Figure 2---figure supplement 1A](#fig2s1){ref-type="fig"}; [Figure 3A,B](#fig3){ref-type="fig"}). By similarity-based clustering we were able to demonstrate homology of the ctenophore trunk-like peptide with the insect *trunk* paralog, *ptth* ([Figure 3A](#fig3){ref-type="fig"}, [Figure 3---source data 1](#fig3sdata1){ref-type="supplementary-material"}; see also [@bib60]; [@bib35]). This extends the phyletic distribution of trunk to the ctenophores (see, e.g., [@bib33]; [@bib21]; [@bib53]; [@bib36]; [@bib59] for discussion).

![Origin and distribution of the key ligand-receptor components of the arthropod moulting signalling pathway across Metazoa.\
(**A**) Simplified phylogeny (based on [@bib22]) of Metazoa showing the lineages in which the key components of the arthropod moulting signalling pathway are present. Note that Porifera and Placozoa, that lack the moulting pathway components investigated here, are omitted for clarity. Coloured lines indicate the presence of a given ligand and/or receptor in a given lineage. Eclosion hormone and bursicon peptidergic systems originated prior to the cnidarian-bilaterian split, whereas the ecdysis-triggering hormone and crustacean cardioactive peptide trace back to the last common ancestor of Bilateria. PTTH is an insect-specific neuropeptide. (**B**) Expanded phylogeny of Metazoa with Porifera as the earliest branching clade (adapted from [@bib22]). Coloured lines indicate the presence of a given ligand (right side) and receptor (left side) in a given lineage. Phylum name in bold indicates the availability of genomic data. Note that although the *trunk* ortholog was not retrieved from the genomes of *Nematostella vectensis* and *Caenorhabditis elegans*, similarity searches against publicly available protein databases identified this gene in other cnidarian and nematode species. Animal silhouettes were obtained under Public Domain licence at phylopic (<http://phylopic.org/>), unless otherwise indicated. Credited images: Ctenophora: Martini (available for reuse under <https://creativecommons.org/publicdomain/zero/1.0/>); Cnidaria: Jack Warner (available for reuse under <https://creativecommons.org/publicdomain/zero/1.0/>); Xenacoelomorpha: Andreas Hejnol (available for reuse under <https://creativecommons.org/licenses/by-nc/3.0/>); Chordata: Jake Warner (available for reuse under <https://creativecommons.org/publicdomain/zero/1.0/>); Ambulacraria: Noah Schlottman (photograph from Casey Dunn available for reuse under <https://creativecommons.org/licenses/by-sa/3.0/>); Ecdysozoa: Thomas Hegna based on picture by Nicolas Gompel (available for reuse under <https://creativecommons.org/publicdomain/mark/1.0/>); Lophotrochozoa: Fernando Carezzano (available for reuse under <https://creativecommons.org/publicdomain/zero/1.0/>).\
10.7554/eLife.46113.011Figure 2---source data 1.PTTH/trunk/torso proteins and tree associated files.Compressed. zip file containing the 3D-cluster map of the PTTH and trunk ligands in. rtf format, the torso receptor proteins in fasta format, the multiple sequence alignment of the receptor (trimmed and untrimmed), and the tree files genereted by RAxML, PhyML and mrbayes programs. The 3D cluster peptide map can be visualised and manipulated using the program clans ([@bib27]; see <ftp://ftp.tuebingen.mpg.de/pub/protevo/CLANS/>). The multiple sequence alignment files can be viewed with aliview ([@bib44]). The phylogenetic tree files can be viewed using Figtree (<http://tree.bio.ed.ac.uk/software/figtree/>) or TreeGraph2 ([@bib73]).\
10.7554/eLife.46113.012Figure 2---source data 2.ETH/ETH-receptor proteins and tree associated files.Compressed. zip file containing the 3D-cluster map of the ETH ligands in. rtf format, the ETH receptor proteins in fasta format, the multiple sequence alignment of the receptor (trimmed and untrimmed), and the tree files genereted by RAxML, PhyML and mrbayes programs. The 3D cluster peptide map can be visualised and manipulated using the program clans ([@bib27]; see <ftp://ftp.tuebingen.mpg.de/pub/protevo/CLANS/>). The multiple sequence alignment files can be viewed with aliview ([@bib44]). The phylogenetic tree files can be viewed using Figtree (<http://tree.bio.ed.ac.uk/software/figtree/>) or TreeGraph2 ([@bib73]).\
10.7554/eLife.46113.013Figure 2---source data 3.EH/EH-receptor proteins and tree associated files.Compressed. zip file containing the 3D-cluster map of the EH ligands in. rtf format, the EH receptor proteins in fasta format, the multiple sequence alignment of the receptor (trimmed and untrimmed), and the tree files genereted by RAxML, PhyML and mrbayes programs. The 3D cluster peptide map can be visualised and manipulated using the program clans (see <ftp://ftp.tuebingen.mpg.de/pub/protevo/CLANS/>). The multiple sequence alignment files can be viewed with aliview ([@bib44]). The phylogenetic tree files can be viewed using Figtree (<http://tree.bio.ed.ac.uk/software/figtree/>) or TreeGraph2 ([@bib73]).\
10.7554/eLife.46113.014Figure 2 - source data 4CCAP/CCAP-receptor proteins and associated tree files.Compressed. zip file containing the 3D-cluster map of the CCAP ligands in. rtf format, the CCAP receptor proteins in fasta format, the multiple sequence alignment of the receptor (trimmed and untrimmed), and the tree files genereted by RAxML, PhyML and mrbayes programs. The 3D cluster peptide map can be visualised and manipulated using the program clans ([@bib27]; see <ftp://ftp.tuebingen.mpg.de/pub/protevo/CLANS/>). The multiple sequence alignment files can be viewed with aliview ([@bib44]). The phylogenetic tree files can be viewed using Figtree (<http://tree.bio.ed.ac.uk/software/figtree/>) or TreeGraph2 ([@bib73]).\
10.7554/eLife.46113.015Figure 2---source data 5.Bursicon/rickets protein and tree associated files.Compressed. zip file containing the 3D-cluster map of the bursicon ligands in. rtf format, the rickets receptor proteins in fasta format, the multiple sequence alignment of the receptor (trimmed and untrimmed), and the tree files genereted by RAxML, PhyML and mrbayes programs. The 3D cluster peptide map can be visualised and manipulated using the program clans ([@bib27]; see <ftp://ftp.tuebingen.mpg.de/pub/protevo/CLANS/>). The multiple sequence alignment files can be viewed with aliview ([@bib44]). The phylogenetic tree files can be viewed using Figtree (<http://tree.bio.ed.ac.uk/software/figtree/>) or TreeGraph2 ([@bib73]).](elife-46113-fig2){#fig2}

![Cluster analysis of *prothoracicotropic hormone (ptth)*, *trunk*, *noggin* orthologs and multiple sequence alignment of the ctenophore trunk-like peptide and the metazoan ortholog sequences.\
(**A**) 2D cluster map of *ptth*, *trunk* and *noggin* genes. Red triangles correspond to *ptth* homologs, green parallelograms correspond to *noggin* homologs and red circles correspond to *trunk* homologs. The ctenophore *trunk* gene sequence is represented by the pink star. Edges represent BLAST connections of P value \> 1e-05. Note that the ctenophore trunk peptide is indirectly connected to insect PTTH sequences via transitive BLAST connections. (**B**) Multiple sequence alignment representation of ctenophore trunk sequence and its metazoan orthologs produced by Jalview 2 ([@bib84]). Only the sequences directly connected to the ctenophore sequence in the 2D cluster map are included in the multiple sequence alignment. The conservation histogram corresponds to the number of conserved amino acid physico-chemical properties for each column of the alignment.\
10.7554/eLife.46113.017Figure 3---source data 1.Ctenophore trunk cluster peptide map.Compressed. zip file containing the 3D-cluster map of *ptth*, *trunk* and *noggin* orthologs in. rtf format. he 3D cluster peptide map can be visualised and manipulated using the program clans ([@bib27]; see <ftp://ftp.tuebingen.mpg.de/pub/protevo/CLANS/>).](elife-46113-fig3){#fig3}

PTTH and trunk share a common receptor, the tyrosine kinase torso ([@bib60]). Similar to its ligands, torso ([@bib60]) proved also to be much more ancient than commonly assumed. We identified torso sequences in deuterostomes, lophotrochozoans, cnidarians and ecdysozoans ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}), indicating that the trunk-torso neuropeptide signalling pathway dates back at least as far as the last common ancestor of Cnidaria, Ctenophora and Bilateria and is thus not restricted to Bilateria as suggested previously (e.g., [@bib35]) ([Figures 2A,B](#fig2){ref-type="fig"} and [4A](#fig4){ref-type="fig"}).

![Distribution of the arthropod peptidergic system components throughout Metazoa.\
(**A**) Simplified phylogeny of Metazoa with Porifera as the most basally branching clade (adapted from [@bib22]) showing the origin of the trunk/PTTH, eclosion-hormone (EH), bursicon, crustacean cardioactive peptide (CCAP) and ecdysis-triggering hormone (ETH) peptigergic systems. (**B**) Distribution of the arthropod peptigerdic system components within Panarthropoda. Secondary losses are depicted by the red crosses followed by the name of the peptide system absent in the lineage. Note that ETH and bursicon, two vital components underlying moulting in insects, were possibly secondarily lost in the Onychophora and Tardigrada (indicated by the red cross), respectively. Genomic and transcriptomic homology searches within the Kinorhyncha, Priapulida and Loricifera (condensed into the clade Scalidophora in [Figure 1B](#fig1){ref-type="fig"}) were not performed in this study (indicated by the question mark). Animal silhouettes were obtained under Public Domain licence at phylopic (<http://phylopic.org/>), unless otherwise indicated. Arthropoda: T. Michael Keesey after Ponomarenko (available for reuse under <https://creativecommons.org/publicdomain/zero/1.0/>); Onychophora: Noah Schlottman, photo by Adam G. Clause (available for reuse under <https://creativecommons.org/licenses/by-sa/3.0/>); Tardigrada: Fernando Carezzano (available for reuse under <https://creativecommons.org/publicdomain/zero/1.0/>); Nematoida: Mali\'o Kodis, image from the Smithsonian Institution (available for reuse under <https://creativecommons.org/licenses/by-nc-sa/3.0/>); Scalidophora: Noah Schlottman, photo by Martin V. Sørensen (available for reuse under <https://creativecommons.org/licenses/by-sa/3.0/>).](elife-46113-fig4){#fig4}

In insects, the first hormone released in response to decreasing ecdysone levels is usually ETH ([@bib88]; [@bib89]) although in the lepidopteran *Manduca sexta* the neuropeptide corozanin acts as the trigger for the release of ETH from the epitracheal glands ([@bib39]). Knockdown of the *eth* gene in *Drosophila* ([@bib56]) and of *eth* and its receptors in *Tribolium* and *Schistocerca* ([@bib3]; [@bib48]) lead to lethality at the expected onset of ecdysis, demonstrating the essential role of the ETH peptidergic signalling system in moulting ([@bib56]; [@bib3]; [@bib48]; [@bib69]). Our screening and phylogenetic analyses confirmed the presence of ETH and its receptor in tardigrades and arthropods, thus corroborating previous studies ([Figure 2B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}, [Figure 2---source data 2](#fig2sdata2){ref-type="supplementary-material"}) ([@bib88]; [@bib89]; [@bib56]; [@bib3]; [@bib80]; [@bib48]; [@bib42]; [@bib87]). For Arthropoda, the ETH ligand was only found in insects (*Drosophila* and *Tribolium*), but was lacking in the crustacean *Parhyale hawaiensis* and the arachnid *Parasteatoda tepidariorum*. However, studies on the two mites Panonychus citri and Tetranychus urticae as well as several decapods have shown the presence of the ETH ligand in chelicerates and crustaceans (in which the homology was reconfirmed by our clustering analysis) ([@bib80]; [@bib81]; [@bib87]). Surprisingly, we did not find the entire ETH signalling pathway in the two onychophoran genomes analysed herein ([Figures 2B](#fig2){ref-type="fig"} and [4B](#fig4){ref-type="fig"}, [Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}, [Figure 2---source data 2](#fig2sdata2){ref-type="supplementary-material"}). Due to the fragmented nature of the onychophoran genomes a final statement whether this signalling system was indeed lost in this lineage cannot be made at present.

No *eth* ortholog was identified outside the panarthropods, including the nematode *C. elegans,* suggesting that this gene originated in the last common ancestor of Panarthropoda ([Figure 2B](#fig2){ref-type="fig"}). Our findings on the distribution of the ETH receptor are in agreement with the results of previous studies and demonstrate the presence of this receptor in arthropods (insects, crustaceans and arachnids), mollusks, nemerteans, brachiopods, echinoderms, cephalochordates (in which we found a substantial expansion of *eth-receptor* homologs in the genomes of *Branchiostoma floridae* and *B. belcheri*), vertebrates and acoels ([@bib57]; [@bib62]; [@bib80]; [@bib52]; [@bib48]; [@bib76]; [@bib87]) ([Figures 2B](#fig2){ref-type="fig"} and [4A](#fig4){ref-type="fig"}, [Figure 2---figure supplement 3](#fig2s3){ref-type="fig"}, [Figure 2---source data 2](#fig2sdata2){ref-type="supplementary-material"}). This provides evidence for the presence of individual components of the ETH signalling system already at the base of Bilateria ([Figures 2A](#fig2){ref-type="fig"} and [4A](#fig4){ref-type="fig"}).

Eclosion hormone (EH) was first identified as a blood-borne factor ([@bib78]) in three lepidopteran species, *Hyalophora cecropia*, *Antheraea polyphemus* and *Antheraea pernyi*. A positive feedback loop between EH and ETH was found in *Manduca* and suggested in *Tribolium* ([@bib24]; [@bib3]), whereas in *Drosophila*, EH has been described either acting downstream of ETH ([@bib40]; [@bib41]) or in a positive endocrine feedback loop with ETH ([@bib43]). Despite EH being a key regulator of ecdysis in insects, *eh* knockout in *Drosophila melanogaster* did not abolish ecdysis, but instead produced flies with discrete behavioural deficits such as slow and uncoordinated eclosion. This shows that EH is involved, but does not play an essential role, in moulting in these insects ([@bib50]). This result, however, has been contested in a more recent study using *eh* null mutants in *Drosophila* ([@bib43]), showing that the lack of *eh* function is lethal during larval fruit fly ecdysis.

Traditionally considered to be confined to arthropods, recent studies showed the presence of EH and its receptor, a guanylyl cyclase, in echinoderms and tardigrades ([@bib85]; [@bib42]). Our study corroborates these findings but considerably expands the presence of the EH ligand to cnidarians, acoels, hemichordates, lophotrochozoans (mollusks, annelids, nemerteans and phoronids) and onychophorans ([Figure 2B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}, [Figure 2---source data 3](#fig2sdata3){ref-type="supplementary-material"}). All EH ligand orthologs harbour the six cysteine conserved residues ([@bib90]) except for Cnidaria, in which only five are present. The identification of the EH receptor in ambulacrarians, mollusks, annelids, nemerteans and phoronids suggests co-evolution of this ligand-receptor pair throughout Metazoa ([Figure 2B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 4](#fig2s4){ref-type="fig"}, [Figure 2---source data 3](#fig2sdata3){ref-type="supplementary-material"}). Although the *eh-receptor* gene was not found in Cnidaria, Xenacoelomorpha and Onychophora, its distribution includes the Brachiopoda, Ectoprocta and Cephalochordata lineages. Consequently, our findings shift the ancestry of this peptidergic pathway back to the cnidarian-bilaterian split ([Figures 2A](#fig2){ref-type="fig"} and [4A](#fig4){ref-type="fig"}).

First isolated from the shore crab *Carcinus maenas*, crustacean cardioactive peptide (CCAP) is a highly conserved amidated neuropeptide that increases heart rate in crustaceans and insects ([@bib71]; [@bib9]; [@bib47]; [@bib74]). CCAP has multiple functions in addition to its cardioacceleratory activity, such as accelerating the frequency and amplitude of oviduct contractions in the locust *Locusta migratoria* ([@bib20]) and regulating the release of digestive enzymes in the cockroach *Periplaneta americana* ([@bib65]). CCAP is important for ecdysis in crustaceans and insects where it initiates the stereotyped sequence of behaviours that mark the end of the pre-ecdysis stage ([@bib28]; [@bib29]; [@bib58]; [@bib3]; [@bib46]). However, transgenic *Drosophila* larvae lacking CCAP neurons moult normally and only exhibit a prolonged pre-ecdysis behaviour ([@bib11]).

Only three studies focusing on the CCAP signalling pathway components are available outside of Arthropoda. In the snail *Lymnaea stagnalis* ([@bib82]), immunostaining revealed a dense network of CCAP-positive fibres that likely function to regulate parts of the feeding behaviour. In the oyster *Saccostrea glomerata* ([@bib34]) and in the cuttlefish *Sepia officinalis* ([@bib23]), in vivo bioassays using synthesised neuropeptides and immunohistochemistry suggested that the CCAP signalling pathway is involved in reproduction (e.g., spawning, oocyte transport, egg-laying). Additionally, *Sepia* CCAP has been shown to increase the tonus of the vena cava, demonstrating its role in the regulation of hemolymph circulation ([@bib23]). These results indicate that in both, mollusks and arthropods, CCAP functions in feeding, reproduction and regulation of hemolymph circulation, suggesting that these may have been its ancestral roles. In arthropods, co-option of CCAP into the ecdysis pathway expanded this set of functions to include moulting.

The CCAP receptor is a G protein-coupled receptor (GPCR) that was first described from the *Drosophila* genome and subsequently identified in many other insects ([@bib8]; [@bib3]; [@bib83]). We confirm here the presence of a CCAP ligand in mollusks, annelids, arthropods and tardigrades, as stated earlier ([@bib79]; [@bib35]; [@bib52]; [@bib13]; [@bib72]; [@bib2]; [@bib86]; [@bib42]), and extend the distribution of the CCAP ligand to three additional lophotrochozoan phyla (Nemertea, Platyhelminthes and Rotifera) as well as to the remaining panarthropod phylum Onychophora ([Figures 2B](#fig2){ref-type="fig"} and [4B](#fig4){ref-type="fig"}, [Figure 2---figure supplement 1C](#fig2s1){ref-type="fig"}, [Figure 2---source data 4](#fig2sdata4){ref-type="supplementary-material"}). Interestingly, the CCAP ligand is absent from all investigated deuterostome genomes analysed ([Figure 2---figure supplement 1C](#fig2s1){ref-type="fig"}, [Figure 2B](#fig2){ref-type="fig"}, [Figure 2---source data 4](#fig2sdata4){ref-type="supplementary-material"}). The *ccap-receptor* ortholog was found in acoels, lophotrochozoans and panarthropods except Onychophora ([Figure 2---figure supplement 5](#fig2s5){ref-type="fig"}). Surprisingly, we found the receptor also in all deuterostome phyla (Echinodermata, Hemichordata, Vertebrata, Cephalochordata) except Tunicata ([Figure 2---figure supplement 5](#fig2s5){ref-type="fig"}, [Figure 2---source data 4](#fig2sdata4){ref-type="supplementary-material"}). These results reinforce the suggested origin of the ligand-receptor pair at the base of Bilateria and points towards a possible loss of the CCAP ligand in the Deuterostomia lineage ([Figures 2B](#fig2){ref-type="fig"} and [4A](#fig4){ref-type="fig"}, [Figure 2---figure supplement 5](#fig2s5){ref-type="fig"}, [Figure 2---source data 4](#fig2sdata4){ref-type="supplementary-material"}).

Bursicon was identified as a neurohormone responsible for cuticle sclerotization and melanisation (tanning) during post-ecdysis ([@bib14]; [@bib15]; [@bib25]). Recent studies have shown that bursicon also has a mild effect on the regulation of pre-ecdysis and is important for the proper execution of post-ecdysis in *Manduca*, *Drosophila* and *Tribolium* as well as for the development of wings and other integumentary structures ([@bib5]; [@bib19]; [@bib3]; [@bib4]). Together with the ecdydis-triggering hormone signalling system, bursicon is an indispensable component of the moulting behaviour in insects ([@bib3]). Previous studies show that bursicon is present outside Ecdysozoa, for example in the anthozoan *Nematostella vectensis*, the echinoderm *Strongylocentrotus purpuratus* as well as in annelids and mollusks ([@bib35]; [@bib13]; [@bib72]; [@bib2]; [@bib86]). Our work confirms the presence of the complete bursicon signalling system in all arthropod genomes analysed here and extends its distribution (receptor and/or ligand) to the hemichordate, nemertean, phoronid, rotifer and onychophoran phyla ([Figure 2B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1D](#fig2s1){ref-type="fig"}, [Figure 2---source data 5](#fig2sdata5){ref-type="supplementary-material"}). Interestingly, bursicon and its receptor rickets are absent in tardigrades, suggesting the loss of the bursicon peptidergic signalling in this lineage ([Figures 2B](#fig2){ref-type="fig"} and [4B](#fig4){ref-type="fig"}, [Figure 2---figure supplement 6](#fig2s6){ref-type="fig"}, [Figure 2---source data 5](#fig2sdata5){ref-type="supplementary-material"}). The latter findings are corroborated by independent proneuropeptide and peptide prohormone surveys in the tardigrade genomic and EST data that also failed to detect this ligand-receptor pair in different tardigrade species ([@bib10]; [@bib42]). We did not identify the receptor in any deuterostome or non-arthropod ecdysozoan lineage ([Figure 2B](#fig2){ref-type="fig"}).

The PTTH, ETH, EH, CCAP and bursicon peptide signalling systems are lacking in the nematode *Caenorhabditis elegans* (cf. our study and, e.g., [@bib55]; [@bib45]; [Figure 2B](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). Additionally, other key moulting components, such as the ecdysteroid ecdysone (E), 20-hydroxyecdysone (20E), and various halloween gene products have also been reported absent from the *C. elegans* genome ([@bib26]; [@bib67]). An extensive body of research on moulting in *C. elegans* suggests an entirely different molecular machinery controlling this behaviour in this free-living nematode ([@bib64]; for review [@bib45]).

Interestingly, however, E and 20E were identified in parasitic nematodes ([@bib12]; [@bib68]) and, outside Ecdysozoa, in the platyhelminth *Monieza expansa*, the gastropod mollusks *Lymnaea stagnalis* and *Helix pomatia* as well as in the hirudinean annelid *Hirudo medicinalis* ([@bib51]; [@bib54]; [@bib30]; [@bib6]).

Conclusion {#s2-1}
----------

We show that key peptidergic components of the arthropod ecdysis pathway emerged prior to the protostome-deuterostome split, and thus considerably earlier than commonly assumed. EH, CCAP and the bursicon signalling systems are more widespread among non-moulting animals than previously appreciated. The presence of the *eth-receptor* ortholog in ecdysozoans, lophotrochozoans and deuterostomes, in combination with the restriction of its known ligand to insects, arachnids and tardigrades, suggests a scenario in which promiscuous ligand/receptor relationships can lead to novel signalling interactions that provide new opportunities for natural selection to generate novel functions ([Figure 2B](#fig2){ref-type="fig"}). The identification of the near complete suite of the peptidergic arthropod ecdysis pathway components in Onychophora and Tardigrada strongly suggests that the entire pathway was at least functional in the last common ancestor of Panarthropoda and maybe as early as in the ur-ecdysozoan ([Figures 2B](#fig2){ref-type="fig"} and [4B](#fig4){ref-type="fig"}). However, considering the crucial role of the ETH and bursicon signalling systems in insect moulting, together with the apparent secondary loss of ETH in Onychophora and bursicon in Tardigrada ([Figure 4B](#fig4){ref-type="fig"}), the consequences of harbouring only the partial set of the ecdysis signalling genes should be the focus of future assessments. Independent recruitment of novel peptidergic components into insect ecdysis has been shown (cf. [@bib39]; [@bib40]; [@bib41]; extensively reviewed by [@bib88]), illustrating the evolutionary plasticity of this signalling pathway and calling for more detailed functional investigations into the role of individual components during moulting of the various ecdysozoan lineages.

Materials and methods {#s3}
=====================

Data collection, filtering, sequence reconstruction and proteome prediction {#s3-1}
---------------------------------------------------------------------------

To obtain a comprehensive sampling across Metazoa, ecdysozoan, deuterostome and non-bilaterian protein-coding sequence (CDS) databases were downloaded from publicly available sites and combined with previous lophotrochozoan transcriptomes (see [@bib17]). The acoel transcriptomic data were pre-processed and assembled as described in [@bib17]. The databases include representatives from the following phyla: Porifera, Ctenophora, Cnidaria, Placozoa, Xenacoelomorpha, Echinodermata, Hemichordata, Chordata, Annelida, Brachiopoda, Ectoprocta, Entoprocta, Gastrotricha, Mollusca, Nemertea, Phoronida, Platyhelminthes, Rotifera, Arthropoda, Tardigrada, Onychophora and Nematoda. The choanoflagellate *Monosiga brevicollis* was used as outgroup. [Supplementary file 1](#supp1){ref-type="supplementary-material"} summarises the databases and the publicly available repositories from which they were obtained. Sequence read archive (SRA) accession numbers for xenacoelomorph databases are also shown.

Sensitive similarity searches with jackhmmer {#s3-2}
--------------------------------------------

Sensitive probabilistic iterative similarity searches based on profile hidden Markov models (HMMs) were performed with jackhmmer ([@bib37]) against the respective metazoan and choanoflagellate databases. Insect *eh*, *eth ccap*, *ptth* and *bursicon* orthologs were retrieved from NCBI (National Center for Biotechnology Information) and their respective receptors from [@bib83]. These sequences were used as queries in the similarity searches. The searches were performed under the default parameters using varying e-value thresholds (1 to 1e-06) controlled by the options --E and --domE, as defined in jackhmmer. The best hits found in the metazoan and choanoflagellate databases were stored in fasta format and used in the subsequent analyses.

Clustering and phylogenetic analyses {#s3-3}
------------------------------------

EH, ETH, CCAP, PTTH and bursicon ligand candidates retrieved from the metazoan and choanoflagellate databases were used as input, together with their respective insect orthologs, in the program clans ([@bib27]) under different e-value thresholds (0.1 to 1e-06) and blast programs, that is blastp or psiblast ([@bib7]). Singleton sequences (isolated unconnected sequences) were excluded from the map. To further improve the orthology assessment, multiple sequence alignments were performed with mafft ([@bib38]) and the presence of shared conserved amino acid regions and residues were investigated with aliview ([@bib44]). The final 3D maps were collapsed into 2D after the clustering for easier visualisation.

Putative EH, ETH, CCAP, PTTH and bursicon receptor candidates retrieved from the metazoan and choanoflagellate databases were aligned with mafft together with their respective orthologs, when found, and subsequently trimmed with BMGE software under the following parameters: --h 1 --b 1 --m BLOSUM30 --t AA ([@bib16]). Outgroups for the phylogenetic analyses were defined according to [@bib83].

Phylogenetic analyses were performed using RAxML ([@bib70]), PhyML ([@bib31]) and mrbayes ([@bib63]) softwares using the appropriate best-fit model of amino acid substitution. RaxML was executed under default parameters and rapid bootstrap. PhyML was executed under the default parameters and an optimised starting tree (-o tlr option). The number of bootstrap values was set to 1.000 in RaxML and PhyML and the number of generations used in mrbayes was determined using a convergence diagnostic. All runs in mrbayes were performed with the samplefreq and relative burn-in defined as 1000 and 25%, respectively. The three final phylogenetic trees obtained for each of the four different receptors were visualised and combined with TreeGraph2 ([@bib73]).

Data availability {#s3-4}
-----------------

All data generated in the course of this study are included in this article ([Figure 2---source datas 1](#fig2sdata1){ref-type="supplementary-material"}--[5](#fig2sdata5){ref-type="supplementary-material"} and [Figure 3---source data 1](#fig3sdata1){ref-type="supplementary-material"}). The accession numbers for the publicly available datasets used in this work are available in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. The 3D cluster peptide maps can be visualised and manipulated using the program clans ([@bib27]); see <ftp://ftp.tuebingen.mpg.de/pub/protevo/CLANS/>). The multiple sequence alignment files can be viewed with aliview ([@bib44]). The phylogenetic tree files can be viewed using Figtree (<http://tree.bio.ed.ac.uk/software/figtree/>) or TreeGraph2 ([@bib73]).
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Data availability {#s6}
=================

All data generated or analysed during this study are included in the manuscript and supporting files. Source data files have also been provided. The molecular databases analysed in this study are publicly available and novel annotated sequences are included in the Source data 1-5. The list of investigated species and their respective links to a direct download are presented in the Supplementary File 1 (Table S1). The 3D proneuropeptide/prohormone maps as well as all the multiple sequence alignments and the phylogenetic trees generated in this study are available in the Source Data 1-5 enclosed in the original submission. The 3D maps in .rtf format can be visualised and inspected with the software clans (<ftp://ftp.tuebingen.mpg.de/pub/protevo/CLANS/>). The multiple sequence alignments used in the phylogenetic inferences can be graphically visualised using aliview (<http://www.ormbunkar.se/aliview/#DOWNLOAD>). The phylogenetic tree files can be viewed using an appropriate phylogetic tree viewer such as Figtree (<http://tree.bio.ed.ac.uk/software/figtree/>).
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Ancient origins of arthropod moulting pathway components\" for consideration by *eLife*. Your article has been reviewed by K VijayRaghavan as the Reviewing Editor and Senior Editor, and two reviewers. The following individual involved in review of your submission has agreed to reveal his identity: Pedro Martinez (Reviewer \#1).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

The paper by De Oliveira and collaborators focus on a very interesting evolutionary problem, the origin of animal \"moulting\". The main finding of the study is that the presence of the molecular machinery involved in the moulting process (within the Ecdysozoa) is also present in many bilaterian clades. This is another example (we have seen many over the last years) of what has been called \"preadaptation\", in which the genesis of the molecular components of a specific process predates its overt manifestation.

The paper summarizes an enormous amount of bioinformatics analysis of genomes and transcriptomes present in public databases. De Oliveira and collaborators have identified some putative components of the moulting process in different animal groups and have assessed their true homologies through extensive, rigorous, phylogenetic analysis. The analysis is comprehensive and the conclusions are both sound and relevant. Moreover, the manuscript is very well written, clear, and avoids entering into unnecessary speculation.

The above seems like a rather straightforward conclusion of what is present in the paper though the findings in themselves still provide us with an incomplete picture of what has really happened over evolutionary time. Having the \"components\" is not equivalent to using the \"process\" (moulting). It is obvious, though, that without the preliminary identification of components it is impossible to test for functionality.

Yet, we have several important concerns that require careful and well-argued re-writing if this data is to be distilled and understood for its strengths and limitations.

Essential revisions:

1\) In absence of gene expression data it is impossible to know whether these genes are used for anything reminiscent of a moulting process. It would be much better if we could have the expression profiles of those genes (in space and time) for any clade, outside the Arthropoda. This will help us understanding the roles that these genes/components have in other animals. This may not be readily experimentally feasible, but if some data is available, this could be speedily determined.

2\) Co-option is a rather common mechanism in metazoan development. The interesting aspect of it is to understand how they are co-opted in different clades and for what role (s). Are all of them co-opted \"en bloc\"? (or not) and what are the different consequences of having the whole set of \"moulting\" components or just a fraction of them? Are they used for similar functions in different clades? Needless to say, functional data (knockdown) will clarify some of the processes in which these orthologous genes are involved. Again, we do not expect the authors to attend to this is in this study, but this can be highlighted in the Discussion section.

3\) Why do the authors select these particular genes? Obviously the moulting process involves a series of complex molecular cascades of which the pair hormone/receptor is a minimal part. What about the downstream components?

4\) At the end we are left with a comprehensive (and particularly relevant) analysis of the evolutionary history of the molecular components involved in arthropod moulting but also without a clear intuition of what they might be used for outside this phylum. This gap also needs to be highlighted in the writing.

5\) It is already known that many of the peptides and receptors involved in the control of molting and ecdysis are members of ancient families of ligands and receptors. For example, the ETH receptors are members of a large family of GPCRs, the neuromedin U group of receptors (Park., et al., 2003; also Park et al., 2002) that include the vertebrate receptors for thyrotropin-releasing hormone and neuromedin U. The members of this family in the insects include receptors for the cardioactive peptide CAP2b, the pyrokinins, and the ETHs. The receptors and ligands are similar enough that there is considerable promiscuity amongst the members, a relationship consistent with coevolution of the ligands and their receptors. I guess that the basic question is that as one examines the emergence of a ligand and receptor from a more ancient family, what criteria does one use to identify when the ecdysis-related ligand/receptor has been established? It is difficult to pull this information out of the trees in the supplemental information. This issue needs to be squarely addressed by substantial re-writing.

6\) A case in point is PTTH. The abstract states that \"Prothoracicotropic hormone, a neuropeptide that triggers ecdysis in insects and paralog of the ancient signalling peptide trunk, is present in the pre-bilaterian ctenophore Mnemiopsis leidyi. \" However, as the authors state early in the paper, PTTH has not been found outside of the insects. The gene data on the occurrence of PTTH in accord with the physiology of control of ecdysone secretion from the Y-organ/prothoracic glands in the crustaceans/insects. Secretion is under positive control by PTTH \[and also insulin-like peptides\] in insects but under negative control by molt-inhibiting hormone in the crustaceans. It is hard to believe that PTTH could have arisen prior to the evolution of Ctenophores and maintained in that group, while it was being systematically lost in all of the metazoans until was retained in the insects. The clustering in Figure 3 shows the Ctenophore protein is quite distant from both the trunk and PTTH clusters. How it can be claimed to be a PTTH homolog?

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your article \"Ancient origins of arthropod moulting pathway components\" for consideration by *eLife*. Your article has been re-reviewed by K VijayRaghavan as the Senior Editor and Reviewing Editor, and two reviewers. The following individual involved in review of your submission has agreed to reveal his identity: Pedro Martinez (Reviewer \#1).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

De Oliveira and collaborators have sent a revised, and much, improved version of the manuscript. Though the main findings are the same, the way the data is presented is much better. Some illustrations, such as Figure 2, synthesize clearly the results obtained.

As mentioned in the previous review, the phylogenetic analysis is solid and very well performed. This is a very thorough analysis of the moulting components across the metazoan, using a wide taxonomic range of animal genomes and transcriptomes. This deserves to be published in the current state, but some points need to be addressed, which hopefully can be quickly done; the separate reviews point to these.

Essential revisions:

*Reviewer \#1:*

Despite the fact that the data is solid and the text clearly summarizes the (huge) amount of phylogenetic data, I think it is important to point out a few things relevant to the study (some of the points recognized by the authors):

1\) The lack of a clearly \"moulting-specific\" phenotypes generated in *Drosophila melanogaster* when peptides such as PTTH, EH (in some studies), CCAP, etc. are inactivated shows clearly that the role of these peptide systems is not restricted to the moulting process. The co-option of these molecules from other, more generalized, functions (i.e. neural roles, reproduction or regulation of metabolic processes) is demonstrated by the phylogenetic distribution of these peptides. Thus, these peptides have different roles, many, most probably, unrelated to moulting.

2\) The loss of the CCAP ligand in deuterostomes, while they retain its receptor, is puzzling. Do this receptor binds other ligands? (I assume it does). Conversely, the ligand bursicon is present in hemichordates, while the receptor is missing.

Are those two examples suggesting promiscuity of those systems in bilaterian groups or just methodological problems in the identification process? (I.e. qualities of the genomes/transcriptomes).

My impression is that the promiscuity of the systems is a salient feature that needs to be considered (the authors are aware of it).

3\) Moreover, the presence of steroids such as ecdysone and 20-hydroxyecdysone in phyla such as Nematoda, Platyhelminthes, Annelida or Mollusca is quite striking, giving the fact that these are components well recognized as (canonical) initiators of the arthropod moulting process. What do these steroids control here?

All the above comments suggest a wide spectrum of functions carried out by these systems in the metazoans. Co-option for moulting in arthropods and, probably, in Ecdysozoa seems quite clear. I find striking the wide distribution of these peptide systems in most metazoan phyla. In some of those, a full complement of \"moulting\" peptide/receptor components seems present. A series of interrelated questions arise: (1) what do they do there? Are all functions unrelated to moulting? If that is the case, (2) how the arthropod moulting machinery is assembled? Is that something that happens \"at once\" in evolutionary time? If that were the case, (3) how come that in other phyla where all or most components are present we don\'t see any overt sign of moulting? This, as suggested before, would mean that the regulatory cross-reactions between all peptide systems happen quite abruptly! and, of course, (4) what is special about insect moulting that makes the process so obvious there but nowhere else?

It is clear to me that all these questions are particularly relevant and, obviously, we wouldn\'t be able to formulate them in absence of a thorough analysis of the distribution of components among different animal phyla. What is presented here is a necessary first step to understand the assembly of the moulting program. But not just this, it opens the possibility of analysing how these different components are used in different groups and for what specific purposes. This analysis should provide us with insights as to how the moulting process is established over evolutionary time, and, perhaps, will allow us to understand whether moulting comes in many different guises.

In the Abstract the authors say in the last sentence \"This constitutes the first ctenophore signalling peptide with homology to a part of the bilaterian neuropeptide complement\". The sentence is not very clear. Do they mean that there is one peptide family that is present in ctenophores? I guess the sentence can be written more clearly.

Giving the conflicting topologies given by different authors to the interrelationships between the major metazoan phyla, I would suggest the authors to give the reference they are using in Figure 2.

*Reviewer \#2:*

The de Oliveira et al. paper has been improved since its original submission. Although ecdysis was originally thought to be a highly specialized behavior for arthropods, this analysis shows that components of the ecdysis control system can be found through the Ecdysozoa and may extend down to the base of the Bilateria. These appear to be a potentially ancient control systems and we need to understand their ancestral functions. The paper provides an important first step in this direction.

The one objection that I have to the paper is their statement starting on line 98 that the relationship of PTTH to a ctenophore peptide \"constitutes the first homologous relationship between a ctenophore signalling peptide and a bilaterian neuropeptide.\" This could be an important conclusion because of the current controversy as to whether the Ctenophores independently evolved neurons and a nervous system. PTTH is a member of the Trunk signaling family. These are important signaling molecules in early embryonic development but PTTH is unusual in that it is the only family member that is a neuropeptide. The PTTH function was thought to have been evolved within the insects and the authors\' analysis support this conclusion. Considering trunk\'s role in early development of metazoans, I am not surprised that Ctenophores have a member of this family. I see no justification, though, to call it a PTTH homolog. This statement should also be struck from the Abstract.

10.7554/eLife.46113.023

Author response

> Essential revisions:
>
> 1\) In absence of gene expression data it is impossible to know whether these genes are used for anything reminiscent of a moulting process. It would be much better if we could have the expression profiles of those genes (in space and time) for any clade, outside the Arthropoda. This will help us understanding the roles that these genes/components have in other animals. This may not be readily experimentally feasible, but if some data is available, this could be speedily determined.

We agree with the reviewers' comment. Comparative studies on the temporal and spatial gene expression patterns of important components of the moulting pathways across the metazoan phyla represent an initial step to infer the ancestral and novel functions of these genes. Unfortunately, however, the majority of the gene expression studies on the neuroendocrine components of the moulting pathway are currently restricted to a very limited number of arthropods, and functional analyses (e.g. RNAi, gene knockouts) only exist for a few so-called arthropod "model organisms" (e.g. *Drosophila melanogaster, Tribolium castaneum*). Therefore, robust experimental evidence for the putative function of the moulting genes in our prime target animals, polyplacophorans, scaphopods, and bivalves, is yet impossible (and were not the main subject of this study).

Recognizing the importance of a comparative survey as mentioned by the reviewer, we conducted a thorough bibliographic survey and found three interesting studies on the crustacean cardioactive peptide (CCAP) signalling pathway in mollusks (Vehovszky et al., 2005; In et al., 2016; Endress et al., 2018). These showed a dense network of CCAP-positive fibers in the buccal neural mass of the snail *Lymnaea stagnalis* (Vehovszky et al., 2005), likely regulating part of the feeding behaviour in the gastropod. In the oyster *Saccostrea glomerata* (In et al., 2016) and the cuttlefish *Sepia officinalis (*Endress et al., 2018) in vivo bioassays and immunohistochemistry suggested that the CCAP signalling pathway is involved in reproduction (e.g. spawning, oocyte transport). Additionally, in the cephalopod, CCAP has been shown to increase the tonus of the vena cava demonstrating its role in the regulation of hemolymph circulation.

These results are particularly interesting when compared to the "non-moulting" role of CCAP in arthropods. As described in the manuscript, CCAP accelerates the frequency of oviduct contractions in the locust *Locusta migratori*a,and regulates the release of digestive enzymes in the cockroach *Periplaneta americana*. The results indicate that in both mollusks and arthropods, CCAP functions in feeding, reproduction and regulation of hemolymph circulation, suggesting that these may have been its ancestral roles (as also discussed previously by Endress et al., 2018). In arthropods, co-option of CCAP in to the ecdysis pathway expanded this set of functions to include moulting.

A paragraph discussing the role of CCAP outside of Arthropoda was included in the main manuscript Results and Discussion section together with new bibliographic references (Vehovszky et al., 2005; Endress et al., 2018; In et al., 2016).

> 2\) Co-option is a rather common mechanism in metazoan development. The interesting aspect of it is to understand how they are co-opted in different clades and for what role (s). Are all of them co-opted \"en bloc\"? (or not) and what are the different consequences of having the whole set of \"moulting\" components or just a fraction of them? Are they used for similar functions in different clades? Needless to say, functional data (knockdown) will clarify some of the processes in which these orthologous genes are involved. Again, we do not expect the authors to attend to this is in this study, but this can be highlighted in the Discussion section.

As suggested by the reviewers we included a paragraph in the manuscript highlighting the reviewers' points discussed above. The newly incorporated section in the manuscript can be found in the main manuscript (Conclusion section):

"However, considering the crucial role of the ETH and bursicon signalling systems in insect moulting, together with the apparent secondary loss of ETH in Onychophora and bursicon in Tardigrada (Figure 4B), the consequences of harboring only the partial set of the ecdysis signalling genes should be the focus of future assessment."

Furthermore, we would like to address here the "en bloc" question raised by the reviewers. As there are almost no data available on gene expression on the ecdysis genes outside of Arthropoda, we can only speculate about a possible cascade of gene expression patterns in non-bilaterian, lophotrochozoan and deuterostome animals, and our answer is "not likely". From studies within arthropods, it is clear that ecdysis is a complex of coordinated behaviours underlain by well-defined cascades of ecdysteroid and peptide signalling elements. Despite "moulting" is classified as a defining character of ecdysozoans, the majority of its molecular repertoire predates the Ecdysozoa clade itself, showing that this signalling pathway is built upon already pre-existing ligand and receptor molecules. In addition, the process of moulting and the molecules involved vary widely between ecdysozoan clades, e.g. between insects and nematodes, an issue we also address in the manuscript.

> 3\) Why do the authors select these particular genes? Obviously the moulting process involves a series of complex molecular cascades of which the pair hormone/receptor is a minimal part. What about the downstream components?

As pointed out by the reviewers, the neuroendocrine basis for moulting encompasses many cellular and chemical signalling mechanisms, which includes ecdysteroids, peptide hormones, and neuropeptides. As a broad comparative *in-silico* analysis has been recently published (Schumann et al., 2018) elucidating the evolution and distribution of the genes responsible for ecdysteroid production and its biosynthesis, we focused our efforts on the peptidergic signalling pathways (i.e. neuropeptides and peptide hormones). By taking into consideration the different proposed models for ecdysis behaviour control in different insects (e.g. *Drosophila melanogaster, Manduca sexta, Tribolium castaneum),* we selected five main ligand-receptor components present in the three distinct stages of ecdysis (pre-ecdysis, ecdysis and post-ecdysis): p*rothoracicotropic* hormone, ecdysis-triggering hormone, eclosion hormone, crustacean cardioactive peptide, and bursicon. The classification of these peptide hormones and neuropeptides as "key" or "main" is not unique to us, and several studies have been published recognising these elements as major players in the moulting behavior (as referenced in our work; e.g., Arakane et al., 2008; Zitnan and Adams, 2012). We acknowledged in the manuscript that differences in the peptidergic components among different insect do exist. The respective paragraph reads:

"Independent recruitment of novel peptidergic components into insect ecdysis has been shown (cf. Kim et al., 2004, 2006a,b; extensively reviewed by Zitnan & Adams, 2012) illustrating the evolutionary plasticity of this signalling pathway and calls for more detailed functional investigations into the role of individual components during moulting of the various ecdysozoan lineages."

To conclude, the core set of peptidergic signalling components investigated here represent the most conserved components of the arthropod ecdysis signalling pathway.

> 4\) At the end we are left with a comprehensive (and particularly relevant) analysis of the evolutionary history of the molecular components involved in arthropod moulting but also without a clear intuition of what they might be used for outside this phylum. This gap also needs to be highlighted in the writing.

We have included in the manuscript one paragraph briefly discussing the putative function of the CCAP signalling pathway in mollusks, suggesting a hypothetical evolutionary scenario for the function of these ligand-receptor genes in prostostomian and ecdysozoan animals (please see also our answer for question 1). The respective paragraph reads as follows (Results and Discussion section):

"Only three studies focusing on the CCAP signalling pathway components are available outside of Arthropoda. In the snail *Lymnaea stagnalis* (Vehovszky et al., 2005), immunostaining revealed a dense network of CCAP-positive fibers that likely function to regulate parts of the feeding behaviour. In the oyster *Saccostrea glomerata* (In et al., 2016) and in the cuttlefish *Sepia officinalis* (Endress et al., 2018), in vivo bioassays using synthesized neuropeptides and immunohistochemistry suggested that the CCAP signalling pathway is involved in reproduction (e.g., spawning, oocyte transport, egg-laying). Additionally, *Sepia* CCAP has been shown to increase the tonus of the vena cava, demonstrating its role in the regulation of hemolymph circulation (Endress et al., 2018). These results indicate that in both, mollusks and arthropods, CCAP functions in feeding, reproduction, and regulation of hemolymph circulation, suggesting that these may have been its ancestral roles. In arthropods, co-option of CCAP in to the ecdysis pathway expanded this set of functions to include moulting."

To the best of our knowledge, there is no data available outside of Arthropoda on the remaining moulting components investigated in this work, i.e. trunk, ecdysis-triggering hormone, eclosion hormone, and bursicon. It is likely that each of these components have varying and independent functions from one another outside the ecdysozoa (e.g., feeding behaviour, reproduction and hemolymph circulation by CCAP) and that their co-option in to the arthropod ecdysis pathway represents a unique circumstance in which their functions were coordinated for a particular physiological process.

> 5\) It is already known that many of the peptides and receptors involved in the control of molting and ecdysis are members of ancient families of ligands and receptors. For example, the ETH receptors are members of a large family of GPCRs, the neuromedin U group of receptors (Park., et al., 2003; also Park et al., 2002) that include the vertebrate receptors for thyrotropin-releasing hormone and neuromedin U. The members of this family in the insects include receptors for the cardioactive peptide CAP2b, the pyrokinins, and the ETHs. The receptors and ligands are similar enough that there is considerable promiscuity amongst the members, a relationship consistent with coevolution of the ligands and their receptors. I guess that the basic question is that as one examines the emergence of a ligand and receptor from a more ancient family, what criteria does one use to identify when the ecdysis-related ligand/receptor has been established? It is difficult to pull this information out of the trees in the supplemental information. This issue needs to be squarely addressed by substantial re-writing.

In order to make clearer the evolutionary history of the ETH signalling system amongst different metazoan phyla and within Arthropoda, we incorporated into the manuscript a more fined-grained overview of the evolution of ETH receptor and ligand. The respective paragraph read as follows (Results and Discussion section):

"For Arthropoda, the ETH ligand was only found in insects (*Drosophila* and *Tribolium)* but was lacking in the crustacean *Parhyale hawaiensis* and the arachnid *Parasteatoda tepidariorum*.However, studies on the two mite species *Panonychus citri* and *Tetranychus urticae* have shown the presence of the ETH ligand in these chelicerates (in which the homology was reconfirmed by our clustering analysis) (Veenstra et al., 2012; Zhu et al., 2019).To date, no publicly available ETH ligand gene has been reported in crustaceans."

Concerning the reviewers' question, we are in agreement with them. It is difficult (even impossible) to pinpoint the establishment of a signalling system based solely on phylogenetic analyses and the presence or not of specific genes in different clades. In order to conclusively say anything about up/down-stream effects and roles of specific genes (e.g. cell responses induced by a receptor), one must combine pharmaceutical and functional screening with gene expression data. The elucidation of a signalling pathway is not a trivial task and was not the focus of this work.

The claim that the ecdysis-triggering hormone ligand-receptor pair has been established in the ecdysis pathway derives from the many functional studies on these genes in different insects (as discussed in the Results and Discussion section), rather than the results of our phylogenetic analyses and clustering approaches. Our study only shows that distribution of the ETH receptor is widespread in many lophotrochozoan and deuterostome clades, and that its ligand is found within Panarthropoda. While the ligand for the non-ecdysozoan ETH receptor homologs is not known, our results suggest the ETH ligand/receptor relationship emerged at the base of the ecdysozoans. This ligand/receptor innovation is an example of the promiscuity mentioned by the reviewers. The following sentence in the manuscript aims to describe this scenario:

"The presence of the *eth-receptor* ortholog in ecdysozoans, lophotrochozoans and deuterostomes, in combination with the restriction of its known ligand to insects, arachnids and tardigrades, suggests a scenario in which promiscuous ligand/receptor relationships can lead to novel signalling interactions that provide new opportunities for natural selection to generate novel functions (Figure 2B)."

> 6\) A case in point is PTTH. The abstract states that \"Prothoracicotropic hormone, a neuropeptide that triggers ecdysis in insects and paralog of the ancient signalling peptide trunk, is present in the pre-bilaterian ctenophore Mnemiopsis leidyi. \" However, as the authors state early in the paper, PTTH has not been found outside of the insects. The gene data on the occurrence of PTTH in accord with the physiology of control of ecdysone secretion from the Y-organ/prothoracic glands in the crustaceans/insects. Secretion is under positive control by PTTH \[and also insulin-like peptides\] in insects but under negative control by molt-inhibiting hormone in the crustaceans. It is hard to believe that PTTH could have arisen prior to the evolution of Ctenophores and maintained in that group, while it was being systematically lost in all of the metazoans until was retained in the insects. The clustering in Figure 3 shows the Ctenophore protein is quite distant from both the trunk and PTTH clusters. How it can be claimed to be a PTTH homolog?

We thank the reviewers for pointing out an error in our Abstract. As mentioned by them, our analyses show that the phylogenetic distribution of prothoracicotropic hormone ligand, PTTH, is so far restricted to insects. We rephrased the Results and Discussion section to read:

"By screening 39 metazoan genomes and 57 transcriptomes (Supplementary file 1; De Oliveira et al., 2019), we found that the PTTH peptide is present in *Drosophila* and *Tribolium* but absent in the house spider *Parasteatoda tepidariorum* and the crustacean *Parhyale hawaiensis*), suggesting that PTTH is an insect innovation."

To fix this issue and adjust the Abstract to the correct findings of our study, the original erroneous sentence has been rewritten. Additionally, a more careful writing of these results in the Results and Discussion section has been added. See text in Abstract: "This constitutes the first ctenophore signalling peptide with homology to a part of the bilaterian neuropeptide complement." And in the Results and Discussion section of the revised manuscript version:

"By similarity-based clustering we were also able to demonstrate homology of the ctenophore trunk-like peptide with the insect *trunk* paralog, *ptth* (Figure 3A), which constitutes the first homologous relationship between a ctenophore signalling peptide and a bilaterian neuropeptide (see, e.g., Halanych, 2004; Dunn et al., 2008; Moroz et al., 2014; Jékely et al., 2015; Pisani et al., 2015 for discussion)."

Regarding the hypothesis that the comb jelly trunk peptide is homologous to the insect PTTH, we believe that the evidence gathered from our results associated with the current information available in the scientific literature support this conclusion. We cannot definitely rule out convergent evolution; however, this hypothesis is not supported by the evidence. Conversely, a robust body of data supports our claim:

1\) PTTH and trunk are closely related (even sharing the same putative tyrosine kinase receptor named torso); with PTTH being the closest paralog of trunk (Figure 2---figure supplement 1, Rewitz et al., 2009);

2)Trunk has been previously described outside of Arthropoda, in protostome and deuterostome animals (Jékely, 2013), and thus hypothesized to be present already in the Urbilateria;

3\) This study identifies both the trunk ligand and its putative receptor (i.e. torso) in non-bilaterian animals (i.e. cnidarians and one ctenophore), as shown by three different methods: clustering (Figure 3A), Bayesian and maximum-likelihood phylogenetic analyses (Figure 2---figure supplement 2);

4\) *Mnemiopsis leidyi s*equence is connected to lophotrochozoan, deuterostome and ecdysozoan trunk sequences with good p-values (\<1e-05) (Figure 3A). Additionally, all these sequences share the key diagnostic conserved cysteine amino acid residues present in trunk peptides (Figure 3B -- please check the conservation histogram);

5\) The clustering approach has been proven to be a powerful method to reveal homology between distantly related sequences, through the identification of indirect links in the network of BLAST interactions (Jékely, 2013; Conzelmann et al., 2013; De Oliveira et al., 2019).

Based on the aforementioned evidences, we proposed a scenario in which the trunk/torso signalling pathway was already present in the last common eumetazoan ancestor (all animals expect sponges) with a duplication of trunk at the base of Insecta, giving rise to the paralog PTTH and to the trunk/torso/ptth signalling pathway. We would like to stress that we are not claiming that the ctenophore sequence is a proneuropeptide or peptide prohormone, but rather, that this finding constitutes the first ctenophore signalling peptide with homology to a part of a bilaterian neuropeptide complement (i.e. trunk/PTTH/torso).

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

> Essential revisions:

Reviewer \#1:

> Despite the fact that the data is solid and the text clearly summarizes the (huge) amount of phylogenetic data, I think it is important to point out a few things relevant to the study (some of the points recognized by the authors):
>
> 1\) The lack of a clearly \"moulting-specific\" phenotypes generated in Drosophila melanogaster when peptides such as PTTH, EH (in some studies), CCAP, etc. are inactivated shows clearly that the role of these peptide systems is not restricted to the moulting process. The co-option of these molecules from other, more generalized, functions (i.e. neural roles, reproduction or regulation of metabolic processes) is demonstrated by the phylogenetic distribution of these peptides. Thus, these peptides have different roles, many, most probably, unrelated to moulting.

We agree with the reviewer -- exactly such a statement is provided in the Conclusion part of our manuscript.

> 2\) The loss of the CCAP ligand in deuterostomes, while they retain its receptor, is puzzling. Do this receptor binds other ligands? (I assume it does). Conversely, the ligand bursicon is present in hemichordates, while the receptor is missing.
>
> Are those two examples suggesting promiscuity of those systems in bilaterian groups or just methodological problems in the identification process? (I.e. qualities of the genomes/transcriptomes).
>
> My impression is that the promiscuity of the systems is a salient feature that needs to be considered (the authors are aware of it)

This is indeed a very interesting point. Obviously, such studies are way beyond the scope of this work, but these are clearly questions that should be addressed in the future. Our study points towards these questions by helping to formulate functional hypotheses that can (and should) now be tested by using state-of-the-art functional approaches.

> 3\) Moreover, the presence of steroids such as ecdysone and 20-hydroxyecdysone in phyla such as Nematoda, Platyhelminthes, Annelida or Mollusca is quite striking, giving the fact that these are components well recognized as (canonical) initiators of the arthropod moulting process. What do these steroids control here?

Another very interesting point that is the result of our study and that raises such a functional question. As with the issue raised above, this should now be tested using functional genetic approaches.

> All the above comments suggest a wide spectrum of functions carried out by these systems in the metazoans. Co-option for moulting in arthropods and, probably, in Ecdysozoa seems quite clear. I find striking the wide distribution of these peptide systems in most metazoan phyla. In some of those, a full complement of \"moulting\" peptide/receptor components seems present. A series of interrelated questions arise: (1) what do they do there? Are all functions unrelated to moulting? If that is the case, (2) how the arthropod moulting machinery is assembled? Is that something that happens \"at once\" in evolutionary time? If that were the case, (3) how come that in other phyla where all or most components are present we don\'t see any overt sign of moulting? This, as suggested before, would mean that the regulatory cross-reactions between all peptide systems happen quite abruptly! and, of course, (4) what is special about insect moulting that makes the process so obvious there but nowhere else?

We couldn't agree more. We are delighted to read that this reviewer already developed important and interesting questions based on our work. Clearly, these can now be specifically addressed. And we are glad if our paper will inspire other researchers as well to tackle these issues.

> It is clear to me that all these questions are particularly relevant and, obviously, we wouldn\'t be able to formulate them in absence of a thorough analysis of the distribution of components among different animal phyla. What is presented here is a necessary first step to understand the assembly of the moulting program. But not just this, it opens the possibility of analysing how these different components are used in different groups and for what specific purposes. This analysis should provide us with insights as to how the moulting process is established over evolutionary time, and, perhaps, will allow us to understand whether moulting comes in many different guises.
>
> Thank you, this is exactly the point of our work.
>
> A minor point: in the Abstract the authors say in the last sentence \"This constitutes the first ctenophore signalling peptide with homology to a part of the bilaterian neuropeptide complement\". The sentence is not very clear. Do they mean that there is one peptide family that is present in ctenophores? I guess the sentence can be written more clearly.

We rephrased this sentence accordingly. It now reads "Trunk, an ancient extracellular signalling molecule and a well-established paralog of the insect peptide prothoracicotropic hormone (PTTH), is present in the non-bilaterian ctenophore *Mnemiopsis leidyi*. This constitutes the first case of a ctenophore signalling peptide with homology to a neuropeptide." We simplified the last part of the sentence to hopefully make the sentence easier to read.

> Giving the conflicting topologies given by different authors to the interrelationships between the major metazoan phyla, I would suggest the authors to give the reference they are using in Figure 2.

Done. Reference was already given for 2B, now we added it also for 2A, including a statement that some taxa are omitted in the simplified figure for clarity.

Reviewer \#2:

> The de Oliveira et al. paper has been improved since its original submission. Although ecdysis was originally thought to be a highly specialized behavior for arthropods, this analysis shows that components of the ecdysis control system can be found through the Ecdysozoa and may extend down to the base of the Bilateria. These appear to be a potentially ancient control systems and we need to understand their ancestral functions. The paper provides an important first step in this direction.
>
> The one objection that I have to the paper is their statement starting on line 98 that the relationship of PTTH to a ctenophore peptide \"constitutes the first homologous relationship between a ctenophore signalling peptide and a bilaterian neuropeptide.\" This could be an important conclusion because of the current controversy as to whether the Ctenophores independently evolved neurons and a nervous system. PTTH is a member of the Trunk signaling family. These are important signaling molecules in early embryonic development but PTTH is unusual in that it is the only family member that is a neuropeptide. The PTTH function was thought to have been evolved within the insects and the authors\' analysis support this conclusion. Considering trunk\'s role in early development of metazoans, I am not surprised that Ctenophores have a member of this family. I see no justification, though, to call it a PTTH homolog. This statement should also be struck from the Abstract.

We want to stress here again that the finding/suggestion that PTTH and trunk are homologs (in fact, paralogs), is not ours, but the results of previous works and is now well established (Rewitz et al., 2009; Jékely, 2013). Our work only extends the phyletic distribution of Trunk to ctenophores and recognises that this represents the first case of homology between a ctenophore signalling peptide and a bilaterian neuropeptide. To make the main text clearer in this respect, we partially rephrased the first paragraph of the Results and Discussion section. It now reads: "By similarity-based clustering we were able to demonstrate homology of the ctenophore trunk-like peptide with the insect *trunk* paralog, *ptth* (Figure 3A, Figure 3---source data 1; see also Rewitz et al., 2009; Jékely, 2013). This extends the phyletic distribution of trunk to the ctenophores (see, e.g., Halanych, 2004; Dunn et al., 2008; Moroz et al., 2014; Jékely et al., 2015; Pisani et al., 2015 for discussion).

Our finding that trunk is present in ctenophores has no impact on the competing hypotheses on the evolutionary origins of the nervous system. As pointed out by Jékely et al., (2015): "Even if neuropeptides and their receptors are homologous, their presence is not sufficient evidence for nervous system homology since *Trichoplax*, an animal that lacks a morphologically recognizable nervous system, also possesses these molecules."

See also quote from Jékely, (2013): "The arthropod PTTHs are related to the extracellular signaling molecule trunk (69) that is a member of an ancient bilaterian family; trunk orthologs could be identified in annelids, mollusks, and in *B. floridae*."
